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HeterogeneityHedistin is an antimicrobial peptide isolated from the coelomocytes of Nereis diversicolor, possessing activity
against a large spectrum of bacteria including the methicillin resistant Staphylococcus aureus and Vibrio
alginolyticus. The three-dimensional structure of hedistin in both aqueous solution and deuterated
dodecylphosphocholine (DPC) micelles was examined using circular dichroism (CD) and nuclear magnetic
resonance (NMR) techniques. And, the early events of the antibacterial process of hedistin were simulated
using palmitoyl-oleoyl-phophatidylcholine (POPC) lipid bilayers and molecular dynamics (MD) simulation
methods. Hedistin lacks secondary structure in aqueous solution, however, in DPC micelles, it features with a
heterogeneous helix–turn–helix moiety and exhibits obvious amphipathic nature. The turn region (residues
Val9–Thr12) in the moiety is a four-residue hinge, lying in between the ﬁrst N-terminal α-helix (residues
Leu5–Lys8) and the second α-helix (residues Val13–Ala17) regions and causing an ∼120° angle between the
axes of the two helices. The segmental and nonlinear nature of hedistin structure is referred to as the
heterogeneity of its helix–turn–helix motif which was found to be corresponding to a kind of discrete
dynamics behavior, herein coined as its dynamical heterogeneity, at the early stage (0–50 ns) of the MD
simulations. That is, the ﬁrst helix segment, prior to (at 310 K) or following (at 363 K) the second helix, binds
to the lipid head-group region and subsequently permeates into the hydrophobic lipid tail region, and the
hinge is the last portion entering the lipid environment. This result implies that hedistin may adopt a
“carpet” model action when disrupting bacterial membrane.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Antimicrobial peptides (AMPs), the ﬁrst line of defense in the
innate immune system of all organisms, are considered as prospective
antibiotic agents as they exhibit a broad spectrum of antimicrobial
activity and are believed to be difﬁcult for bacteria to develop
resistance [1–3]. Since their discovery in the early 1980s, continuing
exploration of AMPs has been fueled by the fact that antibiotic
resistant pathogenic bacteria such as methicillin resistant Staphylo-
coccus aureus (MRSA) and vancomycin resistant enterococci (VRE) are
emerging with increasing frequency [4–7]. Aquatic invertebrate is of
an intensive source of AMPs as they use their innate immune systemcular dichroism; NMR, nuclear
antimicrobial peptides; MRSA,
omycin resistant enterococci;
dodecyl sulphate; DQF-COSY,
SY, total correlation spectros-
DSS, sodium 2, 2-dimethyl-2-
PME, Particle mesh Ewald; CSI,
cture of proteins
x: +86 0 27 6786 7961.
ll rights reserved.as principal defense against potential pathogens due to the lack of
acquired immunity with a system of antibodies diversiﬁcation while
living in microbe laden environment [8]. A variety of AMPs from
aquatic invertebrates have been described, and they include the
cystein-rich peptides of myticins and mytilins from mussels [9], and
tachyplesins and tachystatins from horseshoe crabs [10], the proline
and cystein-rich peptides of penaeidins from shrimp [11] and the α-
helical peptides of clavanins, styelins from ascidians [12,13]. Further
study of these AMPs will advance our understanding of innate
immunity, facilitate the development of aquaculture and help the
design of new antibiotics manifesting broad-spectrum antibacterial
activity.
Among those AMPs, hedistin was isolated most recently from the
coelomocyte of Neries diversicolor [14]. As a kind of marine annelid,
N. diversicolor lives in the mud of marine-terrestrial interlaced zones
rich in microorganisms and a large number of toxic agents. It is
accordingly thought to possess special detoxicative ability and draw
research interests from ecologists [15]. Hedistin was identiﬁed by
Tasiemski and co-workers [14] as the ﬁrst brominated AMPs from
marine annelid though bromination was tested and found to be not
affecting its antimicrobial activity. Its gene was constitutively
expressed in NK cells like and the peptide was released into the
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activity to a broad spectrum of Gram-positive microorganisms
including methicilin-resistant S. aureus, but it shows antibacterial
activity to only one class of Gram-negative marine bacteria Vibrio
alginolyticus. Hedistin exhibits very weak sequence similarities to
other known peptides though it is cationic only consisting of 22
amino acids. Up to date, neither conformational information nor
mechanism of action for hedistin has been proposed. To investigate
the structure of hedistin and the mechanism of its antibacterial
activity, the hedistin peptide with the bromotryptophan residues
replaced by unmodiﬁed tryptophan residues was synthesized, and
the structure was examined in both aqueous solution and mimetic
membrane environment utilizing CD and NMR approaches in this
study.
The obtained conformation knowledge of hedistin renders further
exploration of its structure–function relationship at the atomic level
using molecular dynamics (MD) simulation and this method has been
extensively employed in revealing the action mechanism of antibac-
terial peptides [16–19]. Although it is believed that most membrane-
lytic peptides play its lytic activity via peptide–lipid interactions
rather than receptor-mediated recognition processes [20–22], and
some action mechanism speculations such as toroidal pore model
[23,24] and “carpet” model [25,26] have been proposed, the
mechanism of action for many of these peptides remains unclear.
The main purpose of our MD simulations of hedistin in water and at
zwitterionic palmitoyl-oleoyl-phosphatidylcholine (POPC)/water in-
terface is to address the early events in the process of the peptide
interaction with bacterial membrane.
2. Materials and methods
2.1. Preparation of peptide sample
Hedistin (LGAWLAGKVAGTVATYAWNRYV-NH2) was synthesized
by the solid phase method at WuhanNewEast Biosciences Co., Ltd.
The synthetic peptide was puriﬁed by reverse-phase high-pressure
liquid chromatography (RP-HPLC). The purity of peptide was
determined by analytical RP-HPLC and conﬁrmed greater than 95%.
The puriﬁed peptide was characterized by MALDI/TOF-MS. Perdeut-
erated dodecylphosphocholine (DPC) was purchased from Cam-
bridge Isotope (Woburn, MA). DPC and sodium dodecyl sulphate
(SDS) micelles were prepared according to the method presented by
Choi et al. [27].
2.2. Antibacterial activity assays
Synthesized and puriﬁed hedistin powder was solved in double
distilled water, resulting in a stock solution with hedistin concentra-
tion of 0.6 mg/mL. This stock solution was then ﬁltered through a
diameter ∼0.22 μm Millipore ﬁlter, and subsequently diluted into
three hedistin sample solutions with hedistin concentration of 0.3,
0.15, and 0.075 mg/mL, respectively. These three samples were used
in the following described antibacterial activity assay, and three
replicas of assay were made for each sample.
The antibacterial activity was evaluated using both standard and a
slightly modiﬁed “agar well diffusion method” [28]. As for the latter
method, brieﬂy, 90 mm Petri dish received 10 mL of 0.7% agar in NB
broth. After the agar hardened, a 200 μL aliquot of the bacteria
containing 2×105 logarithmic-phase cells of S. aureus was dropped
over center of the plate and spread evenly over the surface with a
sterile, L-shaped glass rod. Wells (2 mm diameter) were punched in
the plates using a sterile stainless steel borer, every well was ﬁlled
with a 25-μL aliquot of the test sample. The plates were incubated
overnight at 37 °C. If the sample examined had antimicrobial activity,
a clear zone would be formed on the surface of the top agar
representing inhibition of tested bacterial growth.2.3. Circular dichroism spectroscopy
The samples for CD experiments were prepared by dissolving the
peptide to the concentration of 100 μM in various solvents: 10 mM
phosphate buffer (pH 7.0, 5.2), 7 mM SDSmicelles (1: 70 peptide/SDS
molar ratio, pH 7.0, 5.2), 15 mM SDS micelles (1:150 peptide/SDS
molar ratio, pH 7.0, 5.2), 7 mMDPCmicelles (1:70 peptide/DPCmolar
ratio, pH 7.0, 5.2). The CD spectra were measured using a Jasco J-810
spectropolarimeter (Tokyo, Japan) and using a 1 mm path-length cell.
Each CD spectrum of the peptides was recorded in the 190–250 nm
wavelength range, with 1 nm bandwidth. Three successive scans were
added and averaged, followed by subtraction of the sample blank. All
the samples were performed at 25 °C, except that the sample of the
peptide in 7 mM DPC at 25, 37 °C, respectively. The CD intensity was
expressed in terms of mean residuemolar ellipticity [θm] (deg·cm2·d-
mol−1) according to Eq. (1).
θm½  = θmdeg = lCN ð1Þ
Where θmdeg is the measured ellipticity in millidegrees, l is the cell
path length in cm, C is the molar concentration of the protein or
peptide, N is the number of residues in the peptide.
2.4. NMR spectroscopy
A peptide hedistin sample in the presence of DPC micelles
consisted of 2.0 mM peptide and 140 mM deuterated DPC (d-38) in
0.6 mL of H2O/D2O (90%/10%, v/v) at pH 5.2. In the aqueous sample,
2.0 mM peptide hedistin was dissolved in 0.6 mL H2O/D2O (90%/10%,
v/v) at pH 5.2. All one-dimensional and two-dimensional NMR
spectra including phase-sensitive double-quantum ﬁltered correla-
tion spectroscopy (DQF-COSY) [29], total correlation spectroscopy
(TOCSY) [30] and nuclear Overhauser effect spectroscopy (NOESY)
[31] of the peptide in aqueous sample and DPCmicelles were recorded
either on Varian INOVA 600 or Bruker Avance 800 spectrometer
(operating at either 600.16 or 800.13 MHz) at the temperature of 25
and 37 °C, respectively. All two-dimensional (2D) NMR data were
obtained in the phase-sensitive mode using the TPPI method [32].
Sodium 2, 2-dimethyl-2-silapentane-5-sulfonate salt (DSS) was used
as an external chemical shift reference. Water suppression was
achieved using the WET [33] or WATERGATE [34] method. All 2D
spectra were collected with 32 or 64 transients, 512 to 1024 data
points in F1 and 2048 data points in F2. TOCSY spectra were acquired
using the MLEV-17 pulse sequence [35] at spin-lock periods of 60, 80,
and 100 ms. NOESY spectra were acquired using mixing times of 80,
150 and 200 ms.
2.5. Spectra analysis and structure calculation
All NMR data were processed with NMRPipe [36] and analyzed
using SPARKY software [37]. Integrated NOE peak volumes on the
80 ms NOESY spectra were converted into distance constraints and
divided into three classes: strong, medium, and weak, with the
distance ranges of 1.8–2.7, 1.8–3.5, and 1.8–5.0 Å, respectively [38].
Standard pseudoatom corrections were applied to the non-stereo-
speciﬁcally assigned restraints [39], and an additional 0.5 Åwas added
to the upper bounds for the NOEs involving methyl group [40].
Structure calculations were performed with a torsion angle
molecular dynamics protocol using Xplor-NIH software (version
2.19) [41]. The torsion angle molecular dynamics algorithm starts
from an extended strand conformation and proceeds in four stages:
high-temperature torsion-angle molecular dynamics, slow-cooling
torsion-angle molecular dynamics, cartesianmolecular dynamics, and
conjugate gradient minimization. A total of 100 structures were
obtained and then 20 of them with lowest-energy structures were
selected for further analysis. The MOLMOL [42] and PyMOL [43]
Fig. 1. Circular dichroism spectra of 100 μM peptide hedistin in various environments
including phosphate buffer, SDS and DPCmicelles. CD spectra were measured on a Jasco
810 spectropolarimeter (Tokyo, Japan) using a 1 mm path-length quartz cell. Each CD
spectrum of the peptides was recorded in the 190–250 nm wavelength range, with
1 nm bandwidth. Three successive scans were added and averaged, followed by
subtraction of the sample blank.
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presentation. The stereochemical quality of the lowest energy
structures was analyzed with PROCHECK [44].
2.6. Molecular dynamics simulations
All molecular dynamics simulations were performed using the
GROMACSpackage (version3.3.1) [45].Moleculargraphics imageswere
generated using PyMOL [43]. The GROMOS force ﬁeld was used for the
peptide, and the initial POPC lipid bilayer structure (popc.pdb) and the
modiﬁed GROMOS parameter ﬁles (lipid.itp and popc.itp) for lipids
were downloaded from http://moose.bio.ucalgary.ca/download.html
[46]. The simple point charge (SPC) water model was used for all
simulations. All the simulations were performed in the NPT ensemble
using periodic boundary conditions. The LINCS algorithm was used to
restrain bond lengths [47]. Long range electrostatic interactions were
calculated by using the Particle mesh Ewald (PME)methodwith a 1 nm
cutoff for the real space calculation [48]. A cutoff of 1.2 nmwas used for
the van der Waals interactions. The time step for integration was 2 fs,
and the coordinates and velocities were saved every 1 ps. The resulted
dynamical trajectory was checked using VMD [49].
2.6.1. The simulation of hedstin in water environment
The simulation of peptide in water was performed by solvating the
hedistin molecule in a cubic box of volume 125 nm3 (5 nm×
5 nm×5 nm) with 4014 waters. Two counter ions (Cl−) were added
to make the system electroneutral. The pressure was maintained at
1 atm by isotropic coupling to a Berendsen barostat and the
temperature was maintained at 300 K by coupling to a Berendsen
thermostat [50]. The time scale of the simulation was 70 ns.
2.6.2. The simulation of hedistin at the POPC/water interface
The initial downloaded POPC lipid bilayer system consists of 128
POPC lipids and 2460 water molecules. Additional 3639 water
molecules were added to the system to enable larger distances
between the periodic images of the lipid leaﬂets in the z-direction
(direction perpendicular to the lipid–water interface). According to
Kandasamy's method [51], this system was ﬁrst equilibrated for 10 ns
in the NPT ensemble. Then, hedistin was placed in the water phase,
close to the POPC/water interface, with the hydrophilic part of
amphipathic helix facing the lipid/water interface. Two counter ions
(Cl−) were added to make the system electroneutral. The pressure
wasmaintained at 1 atm by isotropic coupling to a Berendsen barostat
[50], and the temperature was maintained at 310 K and 363 K by
coupling to a Berendsen thermostat [50], respectively. The simula-
tions were performed for 50 ns at 310 K and 363 K, respectively.
3. Results
3.1. Antibacterial activity
The purity of the synthesized peptide has been determined higher
than 95% using analytical RP-HPLC and the correctness of the
synthesized peptide has been demonstrated using MALDI/TOF-MS
(data not shown). To demonstrate the antibacterial activity of the
synthesized hedistin, an antibacterial activity experiment was
performed. As Tasiemski and co-workers [14] have assessed the MIC
of native and synthesized hedistin against a large spectrum of Gram-
positive and Gram-negative bacteria, it is mainly for the validating
purpose that the antimicrobial activity evaluation of our synthesized
hedistin was carried out using both standard and a slightly modiﬁed
“agar well diffusion method.” The two methods produced almost the
same results. Fig. S1 (supplementary data) shows the antimicrobial
assay of hedistin at various concentrations against the tested
bacterium S. aureus using the modiﬁed “agar well diffusion method.”
Clear zones were found on the surface of the top agar, for hedistin at(B) 0.3 mg/mL (C) 0.15 mg/mL (D) 0.075 mg/mL, demonstrating that
our synthesized hedistin effectively inhibited the growth of bacterium
S. aureus in a concentration-dependent manner.
3.2. Circular dichroism analysis
In order to detect the secondary structure of hedistin under
different conditions, CD spectra were recorded for the hedistin
peptide in various environments including phosphate buffer, SDS
and DPC micelles, with various pH values and temperatures (Fig. 1).
The CD spectra for hedistin in phosphate buffer (at both pH 5.2 and pH
7.0) are characterized by a broad negative band at 200 nm, implying
that no regular secondary structure exists under these conditions of
mere aqueous solution. Whereas, in the presence of various amounts
of SDS micelles (7 mM and 15 mM), hedistin gives rise to almost the
same CD absorbance at 25 °C, and at both pH 5.2 and pH 7.0, exhibiting
a maximum at 192 nm and two minima at 208 nm (helical ππ⁎
transition) and 222 nm (helical nπ⁎ transition), indicative of the
presence of an α-helical conformation and no obvious variation of
helicity with the change of pH or peptide/SDS ratio. Moreover, in the
presence of DPC micelles (7 mM, pH 5.2; 7 mM, pH 7.0), the CD
spectra of hedistin at 25 °C display similar proﬁles but more negative
minima at both 208 nm and 222 nm compared to the situation of
hedistin in SDS micelles, revealing that hedistin not only presents
distinguished α-helical conformation in DPC micelles solution, but
also exists with higher content of helicity compared to its status in
SDS micelles environment. The helicity of hedistin in DPC micelles
environment at pH 7.0 does not show distinct difference with the
temperature varied between 25 and 37 °C (Fig. 1).
3.3. NMR spectra analysis and generation of conformation
Based on the above CD analysis, the detailed structure was studied
using NMRmethod for samples of hedistin in phosphate buffer and in
DPC micelles solution, respectively. It needs to be speciﬁed that the
temperature of 37 °C was employed when the hedistin structure in
DPC micelles was studied using NMR measurements just because
higher temperature can shorten the molecular correlation time and
narrow the resonances of hedistin.
3.3.1. Resonance assignment
The proton resonance assignment of hedistin in the presence of
DPC micelles was made using the following procedures developed by
Table 1
Chemical shifts for hedistin in the presence of 140 mM DPC micelles.
Residue NH αH βH Others
Leu1 4.06 1.80, 1.80 γ:1.80; δ⁎:0.99, 0.97
Gly2 9.17 3.93, 3.98
Ala3 8.61 4.10 1.51
Trp4 8.33 4.38 3.41 HD1:7.43; HE3:7.51; HZ3:6.96;
HH2:7.09; HZ2:7.54; HE1:10.71
Leu5 7.95 3.79 1.55 γ:1.47, δ⁎:0.87, 0.82
Ala6 8.12 3.95 1.41
Gly7 8.13 3.96, 3.81
Lys8 7.88 4.19 1.71, 1.77 γ⁎:1.23; 1.08; δ⁎:1.57; ε⁎:2.77, 2.88
Val9 8.22 3.77 2.20 γ⁎:0.84
Ala10 8.41 3.96 1.47
Gly11 8.44 4.05, 3.82
Thr12 7.91 4.32 4.11 γ⁎:1.27
Val13 8.32 3.72 2.24 γ⁎:1.00, 1.07
Ala14 8.48 4.10 1.56
Thr15 7.99 4.32 3.99 γ⁎:1.29
Tyr16 8.01 4.32 3.19 δ⁎:7.12; ε⁎:6.80
Ala17 8.70 3.99 1.62
Trp18 8.68 4.21 3.42 HD1:7.20; HE3:7.47; HZ3:6.98;
HH2:7.15; HZ2:7.51; HE1:10.49
Asn19 8.35 4.34 2.71, 2.92 γNH2:7.58, 6.99
Arg20 7.91 3.99 1.49 γ⁎:1.15, 1.09; δ⁎:2.86, 3.04;
HE:7.35; HH:6.87, 6.96
Tyr21 7.95 4.34 3.01, 2.80 δ⁎:6.98; ε⁎:6.74
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residues were identiﬁed mainly from TOCSY spectra. Gly, Ala, and Val
residues were easily identiﬁed in the ﬁngerprint region of the 80 ms
TOCSY spectra (Fig. 2A). The ambiguous resonances of Trp, Asn, and
Tyr residues and the overlapped residues, which were difﬁcult to
assign directly from TOCSY, were then completely identiﬁed with the
assistance of NOESY and DQF-COSY spectra. The sequential assign-
ments of residues were made by checking Hα/amide dαN (i, i+1)
cross-peaks and further demonstrated by reference of amide dNN (i, i+1)
cross-peaks aswell as side-chain/amidedβN (i, i+1) connectivities in the
NOESY spectra (Fig. 2B).
Unlike in DPC micelles, all of the spin systems were very well-
resolved in the TOCSY spectrum in aqueous solution. A similar
assignment strategy was used for hedistin in aqueous environment.
The ﬁngerprint region of the 80 ms TOCSY spectrum and Hα/amide
region of NOESY spectrum are shown in Fig. S2a and S2b (supple-
mentary data), respectively. The complete proton resonance assign-
ments of hedistin in aqueous solution and in DPC micelles are
provided in Table S1 (supplementary data) and Table 1, respectively.
3.3.2. Analysis of chemical shift values
The elements of secondary structure were estimated on the
changes in their Hα proton chemical shifts according to the method ofFig. 2. (A) Partial 600 MHz 1H NMR 2D TOCSY spectrum of 2 mM hedistin in 140 mM
DPCmicelles at 37 °C, pH 5.2. The spin systems of amino protons are designated by one-
letter code, uppercase letters. (B) Partial 600 MHz 1H NMR 2D NOESY (80 ms, mixing
time) spectrum of 2 mM hedistin in 140 mM DPC micelles at 37 °C, pH 5.2. For the sake
of clarity, only the intra-residue α-amide cross-peaks are labeled.
Val22 7.83 3.65 1.29 γ⁎:0.43“Chemical Shift Index (CSI)” developed by Wishart and co-workers
[53]. A series of upﬁeld Hα chemical shifts (at least three) relative to
the random coil values indicate the presence of an α-helical structure
and downﬁeld shifts indicate the presence of β-sheets. The secondary
shift values of hedistin in aqueous solution and in the presence of DPC
micelles are presented in Fig. 3. As shown, in aqueous solution, only
the secondary shift values for residues Thr15–Arg20 show succes-
sively negative values suggesting that hedistin shows helical
propensity in this small region while residues Leu1–Ala14 exist in
the disordered state. Whereas, in the presence of DPC micelles,
continually negative (upﬁeld) secondary shift values were observed
for residues Ala3–Ala10 and Val13–Val22 suggesting that hedistin
produces α-helical secondary structure in these two regions.
Those largest negative chemical shift deviations measured for
Leu5 (−0.38 ppm), Ala6 (−0.40 ppm), Ala10 (−0.39 ppm),
Ala17 (−0.36 ppm), Trp18 (−0.49 ppm), Asn19 (−0.41 ppm),
and Arg20 (−0.39 ppm) also indicate that all these residues belong to
constrained parts of the molecule. Such a result of the existence of α-
helical folding in the peptide from the chemical shift analysis shows
consistency with that from the CD measurements. Noticeably, the
chemical shift deviations for residues Ala3–Ala10 are prominently
lower than that for residues Val13–Val22, indicating relatively lower
helicity in the region of residues Ala3–Ala10.
3.3.3. Analysis of NOE connectivities
The pattern and size of sequential and medium-range interresidue
NOEs extracted fromNOESY experiment are important to characterize
the secondary structure. The observed sequential and medium range
interresidue NOE connectivities and their relative intensities of
hedistin in the presence of DPC micelles are presented in Fig. 4.
Closed boxes in the ﬁgure represent unambiguously assigned NOE
connections while open boxes represent those that can not be
unambiguously assigned due to spectral overlap but could exist
according to their neighbouring assigned NOEs. The presence of dβN
(i, i+1) and dNN (i, i+1) connectivities reinforces the reliability of
the resonance assignments. A group of unambiguous NOEs including
dαN (i, i+3), Val13/Tyr16, Ala14/Ala17, dαN (i, i+4), Val13/Ala17,
dαβ (i, i+3), Val13/Tyr16, Ala14/Ala17 and sequential NOEs support
the presence of an α-helical fold between residues Val13–Ala17.
A group of unambiguous NOEs including dαN (i, i+3), Ala3/Ala6,
Fig. 3. Deviation of the Hα proton chemical shifts from random coil values for 2 mM hedistin in aqueous solution and in 140 mM DPC micelles. Closed boxes represent hedistin in
140 mM DPC micelles while open boxes in aqueous solution.
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Lys8, Ala6/Val9, and sequential NOEs support the presence of an α-
helical fold between residues Ala3–Lys8. However, if NOEs from
residues Ala3–Lys8 are compared with those from Val13–Ala17, it is
apparent that none of unambiguous dαN (i, i+4) NOEs were
observed between residues Ala3–Lys8, indicating that more ﬂexibil-
ity or looseness exists in the region of Ala3–Ala8. Obvious breaks of
dαβ (i, i+3) NOEs, Lys8/Gly11 and Val9/Thr12, Gly11/Ala14 show
interruption of helix between residues Val9–Thr12. But the existence
of dαN (i, i+2) NOEs, Val9/Gly11, dαN (i, i+4), Val9/Val13, dαβ (i,
i+3), Ala10/Val13, and dαN (i, i+3), Ala10/Val13 (also shown as
yellow dashed lines in Fig. 5), indicates that a kind of folding exists
in the region Val9–Thr12. That means a turn exists in the region. In
aqueous solution, although sequential NOEs connectivities were
found (data not shown), characteristic NOEs indicative of secondary
structure, including dαN (i, i+3), dαN (i, i+4), dαβ (i, i+3), dαN (i,
i+2), were not observed for hedistin. Hence, no calculation was
further pursued for the structure of hedistin in aqueous solution.
Such NOEs data display high consistency with the CSI data.
3.3.4. Generation of three-dimensional structure
Cross-peaks from the NOESY spectrum with mixing time of 80 ms
were measured and subsequently divided into three classes, i.e.
strong, medium, and weak, with distance ranges of 1.8–2.7, 1.8–3.5,
and 1.8–5.0 Å, respectively. Those NOEs presenting obvious resonance
overlap and those preventing unambiguous assignment were not
used in structural calculation. As for those partly overlapped NOEFig. 4. Summary of inter-residue NOE connectivities found in NOESY spectrum of
hedistin in 140 mMDPCmicelles. Closed boxes represent unambiguously assigned NOE
connections while open boxes represent those that can not be unambiguously assigned
due to spectral overlap but could exist according to their neighbouring assigned NOEs.peaks, such as those of Thr12HB/Thr15HN and Ala14HA/Thr15HN,
the constraints were dealt with in a fairly larger range of 1.8–5.0 Å. A
total of 388 distance restraints from those NOEs comprising 129 intra-
residual, 120 sequential, 139medium range restraints were employed
to calculate the three-dimensional structures of hedistin in DPC
micelles, using the torsion angle dynamics protocol of Xplor-nih [41].
A total of 100 structures were generated, of which 20 lowest energy
structures were chosen for further analysis. The structure, as
represented by an ensemble of the 20 lowest energy structures, is
shown in Fig. 6 and the structural statistics is presented in Table 2. The
quality of the structure has been checked with PROCHECK [44]. The
Ramachandran plot for all 20 structures indicates that all the
backbone dihedral angles (except for residues Gly and Pro) consis-
tently lie in the α region of the plot, 77.4% of the backbone dihedral
angles are found in the most favored regions, and none of them is
found in the disallowed region. The generated structure coordinates
in pdb format accompanied with the assigned chemical shift values
and the utilized structure restraints can be accessed in BMRB-SMSdep
database with the accession number of 20078.Fig. 5. Stick plot showing the turn formation for residues Val9–Thr12 (residues Val13
and Ala14 are also shown for sake of clarity). The nitrogen atoms are shown in blue, the
hydrogen atoms in grey, and the oxygen atoms in red. Observed NOE connections that
are critical to the folding pattern of this region are indicated using yellow dashed lines.
Cyan dashed line connects CO oxygen of residue Val9 with NH hydrogen of residue
Ala14, while purple dashed line shows the distance from the same oxygen atom to the
NH hydrogen of residue Thr12. The distance values in angstrom (Å) are from
conformation calculation results. This ﬁgure was generated using PyMOL [43].
Fig. 6. Overlay of the 20 structures with lowest energy of hedistin in 140 mM DPC micelles. The structures were superimposed over the backbone atoms of all residues (A), residues
Leu5–Lys8 (B), and residues Val13–Ala17 (C) with respect to the ﬁrst structure, respectively. This ﬁgure was generated using MOLMOL [42].
2502 G. Xu et al. / Biochimica et Biophysica Acta 1788 (2009) 2497–2508The overall three-dimensional fold of hedistin in DPC micelles is
depicted by three segments forming a helix–turn–helix conformation.
The three regions contain a ﬁrst N-terminal α-helix region (residues
Leu5–Lys8), a turn (residues Val9–Thr12) and a secondα-helix region
(residues Val13–Ala17) (Fig. 6). The existence of the turn region
between the two helices renders formation of an angle of ∼120°
between the axes of the two helices. This segmental and nonlinear
conformation feature of hedistin is rather different from that of
cationic linear AMPs where a single linear stretch of α-helix
dominating the whole molecule. We refer to the in-segments and
nonlinear structure feature of hedistin as its structural heterogeneity.
As shown in Table 2, the structural statistics for hedistin in DPCTable 2
Structural statistics for the 20 lowest-energy NMR structures determined for hedistin in
140 mM DPC micelles.
Experimental distance restraints
Total 388
Sequential 120
Medium range 139
Intraresidue 129
Rmsd from experimental restraints
Noe (Å) 0.0089±0.0019
Rmsd from idealized geometry
Bonds (Å) 0.00162±0.000128
Angles (deg) 0.459626±0.006906
Impropers (deg) 0.309049±0.011035
Energies (kcal mol−1)
Etol 34.60±1.29
Enoe 1.58±0.71
Evdw 9.31±1.51
Eang 19.90±0.61
Ebond 0.90±0.15
Eimp 2.91±0.20
Ramachandran space (%)a
Most favored 77.4
Additionally allowed 18.5
Generously allowed 4.1
Disallowed 0
Mean pairwise rmsd (Å)b
Backbone atoms of all residues 1.52±0.51
All heavy atom of all residues 2.08±0.46
Backbone atoms of residues 5–8 0.30±0.14
All heavy atom of residues 5–8 1.04±0.39
Backbone atoms of residues 13–17 0.13±0.05
All heavy atom of residues 13–17 0.66±0.24
Backbone atoms of residues 5–17 0.62±0.28
All heavy atom of residues 5–17 1.08±0.29
a Calculated using PROCHECK [44].
b Calculated using MOLMOL [42].micelles show that the pairwise root-mean-square-deviation (rmsd)
calculated for backbone atoms of residues Leu5–Lys8 and Val13–
Ala17 for all 20 structures is 0.30±0.14 and 0.13±0.05 Å, respec-
tively. These low rmsd values show that the structures of the two
segments are undoubtedly well deﬁned, but residues Leu5–Lys8 are
less folded than residues Val13–Ala17. However, the region encom-
passing residues Leu5–Ala17 exhibits an rmsd of 0.62±0.28 Å for
backbone atoms and 1.08±0.29 Å for heavy atoms which is much
larger than that of the other two regions, indicating that a wider range
of conformers were sampled here possibly due to the existence of the
turn structure adopted by residues Val9, Ala10, Gly11 and Thr12.
The analysis of the calculated structures using the dictionary of
secondary structure of proteins (DSSP) program [54] conﬁrms that
the region of residues Val9–Thr12 exists in a turn conformation, in
accordance with what the NOEs observations imply for the region.
Fig. 5 shows the measured distance values between some important
atoms for the turn region Val9–Thr12 (extended to Ala14 for sake of
clarity) as well as the observed NOE connections critical to the folding
pattern of this region (yellow dashed lines). The distance (cyan
dashed line) between CO group oxygen of residue Val9 and the NH
group hydrogen of residue Ala14 is measured 1.88 Å and within the
hydrogen bond length, while the distance (purple dashed line)
between CO group oxygen atom of residue Val9 and the NH group
hydrogen of residue Thr12 is measured 4.66 Å and out of the hydrogen
bond length range. This hints that the turn region in hedistinmolecule
does not belong to any type of β-turn. A comparison of NOEs pattern
for the region of Val9–Thr12 with that of a few turn types like turn I
and turn II also proves that the turn in hedistin does not belong to any
named turn types. The ﬂexibility of Gly11 and the advantage of
locating residue Thr12 at the hydrophilic side of the amphipathic
dipole are most likely responsible for the formation of the turn
encompassing residues Val9–Thr12.
Fig. 7 shows a ribbon diagram of the average structure of hedistin
in DPC micelles displaying another herein determined feature of
hedistin, which is its amphipathic property. As seen from the ﬁgure,
the hydrophobic residues (Leu5, Ala6, Val9, Ala10, Val13, Ala14,
Ala17, Trp18) colored in green are harbored in the concave portion of
the peptide; while the charged residues (Lys8, Arg20) as well as polar
residues (Thr12, Thr15, Asn19), all in blue, are positioned on the
opposite face. The contact surface of the structure of hedistin in DPC
micelles shown in Fig. 8 provides a clearer view for the amphipathic
nature. In many cases, the amphipathic nature of an α-helical peptide
is known to be important for membrane binding [55–57]. The
amphipathic feature of hedistin in DPC micelles is also expected to
be important to disrupt the microbial membrane integrity.
Fig. 7. Ribbon diagram of a representative structure of hedistin in 140 mMDPCmicelles. The side chain atoms of hydrophobic amino acids are shown in green (panel A), and those of
hydrophilic amino acids in blue (panel B). Noticeably, Residues Trp4 and Tyr16 are presented as hydrophilic residues while Tyr21 as hydrophobic residue. This ﬁgure was prepared
using PyMOL [43].
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molecule rather than the hydrophobic side as expected, with its side
chain staying close to that of hydrophilic Lys8. Five observed side
chain NOEs (8HE1/4HE1, 8HE2/4HE1, 8HE1/4HZ2, 8HE2/4HZ2,
8HD1/4HE1, and 8HD2/4HE1) for residues Trp4 and Lys8 assured
proximity of the side chains of the two residues, resulting in the side
chain of Trp4 aligns on the hydrophilic side. However, as the
resonance of NH3+ group protons of Lys8 did not appear in the
NOESY spectrum, no direct NOEs for indole ring protons of Trp4 and
NH3+ group protons of Lys8 were observed, causing lack of
corresponding distance constraints. Therefore, the relative orientation
of these two groups was not unambiguously determined. Our 20
lowest energy structure ensemble shows that, there are ∼20%
individual conformers adopting cation-π interaction favored orienta-
tion for these two inter-residue groups, as exampled in Fig. 9A and B
(Fig. 9C and D are for the control purpose), even if no constraint was
used for NH3+ protons of Lys8 and indole ring protons of Trp4. A
cation-π interaction is that cations bind to the π face of an aromatic
structure through a surprisingly strong, non-covalent force. The
cation-π interaction can take place in either a parallel or a
perpendicular, T-shaped orientation [58,59]. Conformers of hedistin
with typical cation-π interaction observed do not show obvious lower
energy compared with other conformers but more stable α-helical
folding within residues Leu5–Lys8. That means, the cation-π interac-
tion between residue Trp4 and Lys8 helps stabilize the local structure
of the ﬁrst α-helix of hedistin. A persistent cation-π interaction
between residues Trp11 and Arg13 was for the ﬁrst time observed in
MD simulations of the indolicidin–lipid system, and validated to playFig. 8. Two-sided view of contact surface of structure of hedistin bound to DPCmicelles.
The hydrophilic amino acids without charge are shown in green, the two positively
charged residues (Lys8 and Arg20) in blue and the hydrophobic residues in grey. Trp4
and Tyr16 are presented as hydrophilic residues and Tyr21 as hydrophobic residue. The
amphipathic nature is quite obvious. This ﬁgure was generated using PyMOL [43].an important role in stabilizing the structure of indolicidin in DPC
micelles [58]. The possible cation-π interaction between residue Trp4
and Lys8 of hedistin, as stated, shows similarity to that between Trp11
and Arg13 of indolicidin peptide though there are three residues lying
in between Trp4 and Lys8 in hedistin.
Residue Tyr16 is aligned on the hydrophilic side of the hedistin
moleculewhile Tyr21 on thehydrophobic side,which is not surprising,
considering the structure nature of tyrosine. Tyrosine has both a
hydrophilic hydroxyl group and a hydrophobic aromatic ring in its side
chain. Thus, on one hand, tyrosine is able to formhydrogen bond via its
side-chain hydroxyl group with the head-group (phosphorylcholine)
of DPC, assuring that tyrosine could stably exist in the hydrophilic side
of the molecule; on the other hand, its hydrophobic aromatic ring is
able to interactwith the tail region of DPC via hydrophobic interaction,
which leads tyrosine to exist in the hydrophobic side.
Since the conformation above examined is for the synthesized
hedistin dissolved either in H2O or in DPC micelles (see Materials and
methods), the effect of salinity on the conformation and theFig. 9. Representative diagram for the presence of cation-π interaction formation (A and
B) and the absence of cation-π interaction (C and D) between residues Trp4 and Lys8 in
the calculated structure ensemble. Parts of main chains are displayed using grey tube.
Side chains of residues Trp4 and Lys8 are presented using sticks. Side chain hydrogen,
carbon, nitrogen atoms are colored grey, cyan and blue, respectively. The ﬁgure was
generated using PyMOL [43].
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which the native hedistin was originally isolated lives in estuary.
Sodium chloride, to a ﬁnal concentration of 300 mM, pH 5.2, was
added to the above sample of hedistin either in water or in DPC
environment, and then 2D NOESY spectra were recorded on the salted
samples. The NOESY spectra of the salted samples shows extremely
high similarity in both chemical shift values and NOE connectivity
pattern with those corresponding spectra of the samples with no salt.
Fig. S3 (supplementary data) shows all the unambiguous dαβ (i, i+3)
NOEs, Ala3/Ala6, Leu5/Lys8, Ala6/Val9, Val13/Tyr16, and Ala14/
Ala17 in the NOESY spectrum for the high salted hedistin sample in
DPC environment. This result means that the conformation of the
synthesized hedistin either in water or in DPC environment is stable
under the condition of up to 300 mM NaCl. Antibacterial activity test
of this hedistin sample in high salt was also subsequently conducted
showing that the activity of the synthesized hedistin does not change
at high concentration salt (see supplementary material Table S2).
In summary, as viewed from the structure feature of hedistin, it
could be classiﬁed into the family of cationic and amphipathic α-
helical antimicrobial peptides containing a hinge in the middle
showing much resemblance to LL-37 [60] in which there are 37
residues and a helical bend locating between residues Gly14 and
Glu16 induces a kink in the middle of two amphipathic helices.
Compared with other AMPs found mostly from hemocytes in
invertebrates, hedistin, with its heterogeneous helix–turn–helix
structure in DPC micelles displaying obvious amphipathic nature, is
much like the antimicrobial peptides clavanins, styelins from
ascidians [12,13]; it is far from tachyplesins, tachycitics and
tachystatins found in horseshoe crab [10], and myticins and mytilins
from mussels as well which generally form hairpin-like β-sheet motif
and cysteine-stabilized α-β motif [9].
3.4. Molecular dynamics simulations
The above NMR and CD analysis has shown that hedistin exists as
an amphipathic helix–turn–turn structure in DPC micelles while
adopts a random coil conﬁguration in aqueous solution. Both of theFig. 10. Ribbon diagram of a representative structure of initial and end of 70 ns simulation wi
course of the simulation (B) deﬁned by DSSP algorithm (54). In panel B, The residue numbers
changes from a more helical starting condition to a distinct random structure.structure proﬁles are of rather static status of hedistin molecules that
populated mainly among the lowest energy states in certain
environments. In this work, we carried out molecular dynamics
simulations for two systems. One is for hedistin in water environment,
and the other is for peptide hedistin interaction with lipid membrane
mimicked by POPC bilayers. The structure of peptide hedistin in DPC
micelles determined using NMR techniques was used as the initial
conformation of the simulations. Results of the molecular dynamic
simulations are described in detail as follows.
3.4.1. The simulation of hedistin in water environment
The simulation of peptide in water was performed by solvating the
hedistin molecule in a cubic box full of waters. Counter ions (Cl−)
were added to make the system electroneutral. The simulation was
performed for 70 ns at 300 K. Fig. 10 shows a ribbon diagram of a
representative structure of the initial and end of the 70 ns simulation
(A), and the secondary structure of hedistin during the course of the
simulation (B). As shown,α-helix content of the peptide becomes less
and less and the secondary structure of the peptide incurs an obvious
loss. This is because the water molecules compete hydrogen bond
formation with the main chain of the peptide. The result of this
simulation is completely consistent with the NMR and CD observa-
tions that the helical secondary structure can not stably exist in
aqueous solution.
3.4.2. The simulation of hedistin at the POPC/water interface
Hedistin was placed in the water phase, close to the POPC/water
interface but not disturbing the lipid head-group region, with the
hydrophilic part of the amphipathic α-helix facing the lipid/water
interface. Counter ions (Cl−) were added to make the system
electroneutral. The simulations were performed for 50 ns at 310 K
and 363 K, respectively. Taking the simulation (1:128 peptide/lipid)
at 310 K as example, Fig. 11 shows snapshots from the beginning, after
1, 6, 10 ns, and at the end of the simulation for the hedistin/lipid
system. As shown, hedistin molecule, originally in the water phase,
moves into the lipid environment and ﬁnally arrives at a position such
that hydrophobic residues (Trp4, Leu5, Ala6, Val9, Ala17, Trp18)th hedistin in water environment (A) and the secondary structure of hedistin during the
run along the ordinate and simulation time along the abscissa. The secondary structure
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residues (especially Lys8 and Arg20 residues) interact with the lipid
head-group region. The peptide rotates by about 180° during the
entire simulation process. In more detail, the N-terminal region Leu1–
Lys8 ﬁrst arrives at the interface to interact with lipid head-groups
seemingly driven mainly by Trp4 and Lys8 (Fig. 11) (t=1 ns), then,
the side chains of the hydrophobic residues especially Trp4 with its
large indole ring slowly permeate into the lipid hydrophobic tail
region while the positively charged side chain of Lys8 still points to
the head-group region and the inter-residue cation-π interaction
between residues Trp4 and Lys8 is thus destroyed. In the mean time,
the bend region Val9–Thr12 and the second helix Thr15–Tyr21 still
stay in the water phase (Fig. 11) (t=1–6 ns). After ∼6 ns simulation,
the second helix begins to insert into the lipid phase seemingly driven
mainly by Trp18 and Arg20. Noticeably, the bend region remains at
the water/lipid interface almost throughout the process (Fig. 11)
(t=6–50 ns). At the temperature of 363 K, a prominently discrete
behavior for the three segments of the peptide was also found in the
50 ns MD simulation in that the second helix this time, prior to the
ﬁrst helical segment, binds to the lipid head-group region and
subsequently permeates into the hydrophobic lipid tail region, while
the hinge remains the last portion entering lipid environment. We
also carried out simulations at a higher concentration ratio of peptide
to lipid, i.e. ﬁve peptide molecules were placed on the surface of lipid
membrane of 128 molecules at the beginning, and obtained rather
similar results (data not shown) showing this kind of in-segments
dynamical feature of hedistin.
In all simulations performed here (1:128 peptide/lipids at both
310 K and 363 K, or 5:128 peptides/lipids at 310 K), no simultaneous
entering to the lipid membrane environment was observed for two of
the three segments of the heterogeneous helix–turn–helix molecule,
which we herein term as dynamical heterogeneity of the helix–turn–
helix structure. This observation has been further veriﬁed by more
simulations in which rather a few random ways of placing hedistin
molecule on the bilayer surface were tested. Good repeatability of this
in-segments behavior in the early stage of MD simulation of hedistin-
POPC interaction was obtained as long as the peptide was placed with
no segment in preference to the others, i.e. letting the molecule plane
parallel the bilayer surface. This dynamical heterogeneity character-
istic of hedistin seems attributed to the structural heterogeneity of
hedistin, and could be reasonably explained via analyses of hydrogen
bond formation and the hydrophobicity of each of the three segments.
3.4.3. Hydrogen bond analysis of the peptide-POPC system
The lipid tail region is devoid of charges and is highly hydrophobic.
On the other hand, the lipid head-group region, consisting of the
phosphate, glycerol and choline groups, is a complex domain whereFig. 11. Snapshots from the beginning, after 1, 6, 10 ns, and at the end of the 50 ns simulation
residues are shown in blue and the hydrophobic residues in green. POPC lipid bilayers are sh
yellow spheres. The backbone of peptide hedistin is shown in magenta tube. The water moelectrostatic interactions are likely to dominate. The oxygen atoms in
the glycerol and phosphate groups are likely to interact favorably with
the positively charged groups of the peptides, and could lead to
hydrogen bonding between the peptides and the lipid head-groups.
We performed a hydrogen bond analysis of peptide–lipid and
peptide–water pairs in the entire simulation at 310 K for the ensemble
with peptide/lipid ratio of 1:128. The conditions r≤0.35 nm and
α≤60° were used as criteria for a hydrogen bond (H-bond) to exist (a
hydrogen bond was assumed to exist if the donor-acceptor distance is
not more than 0.35 nm and the angle of donor-hydrogen-acceptor
triplet is not more than 60°). The total number of hydrogen bonds
between the peptide–water, peptide–lipid pairs during the entire
50 ns simulation is shown in Fig. 12. As shown, the number of the
peptide–water hydrogen bonds is decreasing, whereas the number of
the peptide–lipid hydrogen bonds is correspondingly increasing as a
function of time, implying the peptide is moving into lipid bilayers
from water phase to interact with lipid bilayers.
Fig. 13 shows the hydrogen bond existence map for a few typical
residues bonding with POPC bilayers. Residues Trp4 forms hydrogen
bonds with the lipid head-group region during the early 16 ns and no
longer after that (Fig. 13A). Residue Lys8 forms stable hydrogen bonds
with the lipid head-group region through the whole 50 ns simulation
(Fig. 13B). Residues Trp18 forms stable hydrogen bonds between 6–
18 ns (Fig. 13C) and Asn19 after 6 ns (data not shown). Residue Arg20
forms persistent hydrogen bonds between 12 and 30 ns (data not
shown). Tyr21 forms hydrogen bond after 6 ns (Fig. 13D). From the y
axis value–hydrogen bond index (each hydrogen bond index refers to
a unique donor-hydrogen-acceptor triplet), we observed that hydro-
gen bonds of residues Lys8 and Arg20 are mainly from the side chain
ammonium group (NH3+) and guanidine, respectively, and the
number of hydrogen bonds of residue Arg20 is much more than
that of residue Lys8 since arginine contains more hydrogen bond
donors. Residue Thr15 forms stable hydrogen bonds with the lipid
head-group region only after approximately 21 ns (Fig. 13E), similar
results happened to residues Thr12 and Tyr16 that also fall in or very
near the hinge region (data not shown). In all, the above hydrogen
bond analyses imply that the ﬁrst helical region containing residues
Trp4 and Lys8 is the ﬁrst part that starts to contact the lipid head-
group region via hydrogen bonding, followed by the second α-helix
including residues Trp18, Asn19 and Arg20. Residues Thr12, Thr15
and Tyr16 in or near the hinge region only form hydrogen bonds with
the lipid head-group region in the end of the simulation. This
hydrogen bond analysis quantitatively conﬁrms the dynamical
heterogeneity characteristic of the helix–turn–helix motif of hedistin.
Both tryptophan residues Trp4 and Trp18 were found not only to
present an obvious preference for the lipid head-group region of
bilayers to the water phase but also playing a key role in drivingof 1:128 hedistin/POPC system at 310 K. In each case, the side chains of the hydrophilic
own in grey except that the phosphorus atoms of lipid head-groups are shown in pale-
lecules have been removed for sake of clarity.
Fig. 12. Total number of hydrogen bonds between the peptide–water ( ), peptide–lipid
(—) pairs during the whole 50 ns simulation of hedistin at the POPC/water interface. A
trend of increasing lipid-peptide hydrogen bonds and a reduction in peptide–water
hydrogen bonds was observed.
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which is supported by the hydrogen bond existence map of residues
Trp4 and Trp18. Residue Trp4 in the ﬁrst helix forms hydrogen bonds
with the lipid head-group region only in the ﬁrst 16 ns and no longer
after that, and residue Trp18 in the second helix also presents a similar
behavior (Fig. 13A and C), implying that residues Trp4 and Trp18 form
hydrogen bonds with the lipid head-group region just when residing
in the interfacial region, but they have permeated into deeper
hydrocarbon core of lipid bilayers after that. On the contrary, as lack
of residues with preference for membrane interface like tryptophan
and residues effectively attracting peptide from water phase to the
target membrane like lysine and arginine, the hinge segment of
hedistin, turns out to be the ﬁnal part to enter the lipid environment.Fig. 13. Hydrogen bond existence map for residues (A) Trp4, (B) Lys8, (C) Trp18, (D) Tyr2
simulation of hedistin at the POPC/water interface. The hydrogen bond indices run along the
unique donor–hydrogen–acceptor triplet. Red lines show the presence of a hydrogen bondWe also observed obvious loss of the secondary structure of
hedistin in all of the simulations. This could be attributed to the lack of
charged residues in hedistin, which may lead to the backbone of helix
exposed to lipid molecules, resulting in destruction of the intra-helix
hydrogen bonds. Similar phenomenon was observed in a 20 ns
simulation of antimicrobial peptides maganin2 with POPC lipid
bilayers [51].
4. Discussion
The three-dimensional structure of hedistin in aqueous solution
and DPC micelles was carefully examined and the dynamical process
of the peptide interaction with mimetic lipid membrane was
simulated in this study. Hedistin was found to exist in a disordered
state in water and in phosphate buffer, but α-helix dominating
conformations appear when it is in SDS and DPC environment. The
structure in DPC was demonstrated to be amphipathic and consisted
of three segments forming a helix–bend–helix motif. The heteroge-
neity of the helix–turn–helix structure was then found to be
corresponding to its dynamical heterogeneity at the early stage (0–
50 ns) in molecular dynamics simulations of the peptide interaction
with mimetic lipid membrane. The corresponding heterogeneous
nature in its structure and dynamics reﬂects itself in that, the ﬁrst N-
terminal helical segment, prior to or following (at different temper-
ature) the second helix, binds to the lipid head-group region and
subsequently permeates into the hydrophobic lipid tail region, and
the hinge is the last portion entering the lipid environment. The
presence/absence of tryptophan, lysine and arginine residues is most
likely responsible for the dynamical heterogeneity of hedistin.
The helix–turn–helix or helix–bend–helix structural motif has
been observed in a variety of AMPs [60–64] as well as in other
functional proteins [65]. With a common feature of having a hinge or
kink between two helical segments, these AMPs can be roughly
classiﬁed into two groups according to the residue composition of the
turn motif, one is that the hinge is induced mainly by proline residue
and the other, mainly by glysine residue. Caerin1.1 and maculatin 1.11 and (E) Thr15 of peptide hedistin with POPC lipid bilayers during the whole 50 ns
ordinate and simulation time along the abscissa. Each hydrogen bond index refers to a
at that speciﬁc time.
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hemolymph belong to the former class, and hedistin and LL-37 belong
to the latter [60–63]. Ranatuerin-2CSa is a most recently identiﬁed
antibacterial peptide possessing helix–turn–helix structure with a
turn formed by four residues Leu22, Glu23, Thr24, and Leu25 in its 30
residues long sequence [64].
A few experiments have been performed on the effect of the turn
motif in the antibacterial activity of these AMPs. Mutation from proline
residues to glysine or alanine residues decreases the ﬂexibility and
activity of Caerin1.1, proving that the ﬂexible hinge formed around
proline residues is critical to an optimal orientation between N- and C-
terminal alpha helices when the peptide interacts with bacterial cell
membranes [66]. The kink produced by Pro14 in gaegurin-6 was
assumed to be important in bacterial cell lysis [67]. However, to our best
knowledge, the detailed mechanism of the turn motif action underlying
theseexperimental observationshasnot been carefully examined. In this
study, our molecular dynamics simulations of hedistin interaction with
mimetic membrane links the heterogeneous helix–bend–helix structur-
al characteristics of hedistin to its dynamical heterogeneity at the early
stage (covering 50 ns) of its antibacterial function process. The
observation that the hinge region is the last portion entering the lipid
environment probably acts as an important factor inﬂuencing its
antibacterial activity. Furthermore, this result lends support to the
“carpet” model of hedistin action as it could be hard for the whole
molecule to traverse or translocate to the other side of the membrane
due to the impedingeffect of thehinge region.As rather a fewAMPshave
been demonstrated to consist of a helix–turn–helix structure, we could
speculate that the dynamics behavior of such AMPs is likely to show
similar segmental heterogeneity in light of their structural heterogeneity
basis, and this characteristic of early stage dynamics may result in a
corresponding way of disrupting the bacterial membrane.
The antimicrobial action is presumed to occur at microsecond or
millisecond time-scales. So, 50 ns simulation is only for the early stage
of the antimicrobial action process. Moreover, zwitterionic lipid POPC
employed in the stated simulations is no longer the best feasible
model of bacterial membrane thanks to the rapid development of this
area [68,69]. Therefore, larger time scale simulations (up to hundreds
of nanosecond) of hedistin interaction with phosphatidylethanol-
amine (PE), phosphatidylglycerol (PG), and mixed PE and PG lipids
are ongoing and expected to give rise to more interesting results in
view of PE and PG constituting the main lipid components of bacterial
membranes. In addition, if the conformation and dynamics results
obtained for the synthesized hedistin devoid of bromines apply to the
native hedistin possessing bromotryptophan residues still needs to
investigate since the inﬂuence of bromines on the structure has not
been veriﬁed although Tasiemski et al. [14] determined the presence
of bromines in the native hedistin.
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